The present study was designed to assess the intestinal absorption of D-xylose and jejunal morphometry in rats with iron-deficiency anemia. Male Wistar rats were randomly divided into a control group (diet containing 50 mg Fe/kg, N = 12) and an anemic group (diet containing <5 mg Fe/kg, N = 12). The animals were housed in individual metabolic cages and deionized water and diet were provided ad libitum for 6 weeks. Hemoglobin and hematocrit were determined at 0, 2, 4, and 6 weeks. At the end of the study the rats were submitted to a D-xylose absorption test (50 mg/100 g body weight) and sacrificed and a jejunal specimen was obtained for morphometric study. At the end of the study the hemoglobin and hematocrit of the anemic rats (8.7 ± 0.9 g/dl and 34.1 ± 2.9%, respectively) were significantly (P < 0.05) lower than those of the controls (13.9 ± 1.4 g/dl and 47.1 ± 1.5%, respectively). There was no statistical difference in D-xylose absorption between the anemic (46.5 ± 7.4%) and control (43.4 ± 9.0%) groups. The anemic animals presented statistically greater villus height (445.3 ± 36.8 µm), mucosal thickness (614.3 ± 56.3 µm) and epithelial surface (5063.0 ± 658.6 µm) than control (371.8 ± 34.3, 526.7 ± 62.3 and 4401.2 ± 704.4 µm, respectively; P < 0.05). The increase in jejunum villus height, mucosal thickness and epithelial surface in rats with iron-deficiency anemia suggests a compensatory intestinal mechanism to increase intestinal iron absorption. 
Introduction
Iron plays a significant role in several metabolic processes, and iron balance is very important because both iron excess and deficiency are deleterious. The small intestine is the main organ responsible for the homeostasis of iron by controlling its absorption in response to changes in the amount of iron in the body. Iron deficiency directly influences the intestinal capacity of iron absorption. In iron deficiency there is an increase in the expression of proteins for iron absorption in the small intestine, such as divalent metal transport 1, mobilferrin, ferroportin-1, ceruloplasmin, and hepaestin (1) (2) (3) . Iron deficiency may also cause modification in intestinal morphology and function including vil-M.L.C. Wayhs et al.
lus atrophy (4, 5) , reduced intestinal absorption of D-xylose (4, 5) , decrease in intestinal disaccharidase (6) , and alteration in intestinal permeability (7, 8) . Administration of lactulose and rhamnose before and after iron therapy to otherwise healthy children with iron-deficiency anemia (7) demonstrated that the lactulose/rhamnose ratio was significantly higher in the iron-deficient state than after iron therapy. This result is consistent with studies which demonstrated impaired xylose absorption and varying degrees of small intestinal mucosal atrophy in anemic children that was corrected with iron therapy (4, 5) . Previous studies did not detect villus atrophy in the intestinal mucosa of rats with irondeficiency anemia, as reported for humans (9, 10) . Taking into account that abnormalities in intestinal permeability and villus atrophy can be nonspecific, the possible influence of environmental factors besides iron deficiency anemia in human studies performed in underdeveloped countries (5, 8) should be considered since these intestinal abnormalities may be the consequence of tropical or environmental enteropathy (11, 12) .
Therefore, the objective of the present experimental study conducted on laboratory animals was to evaluate the intestinal absorption of D-xylose and the jejunal morphometry of rats with iron-deficiency anemia under controlled environmental conditions.
Material and Methods
Male Wistar rats 21 days of age were randomly divided into a control group (N = 12) and an anemic group (N = 12). The control group received the AIN 93-G diet containing 50 mg elemental iron per kg diet (13, 14) . The anemic group was fed the same diet, but containing less than 5 mg elemental iron per kg diet. The rats were housed in acrylic and stainless steel metabolic cages (metabolic cage 650-0100; Nalgene, Rochester, NY, USA) in a room with a 12-h light-dark cycle.
Weight was used as a growth indicator. Feed efficiency was calculated by dividing weight gain by food consumption during the study period (13) . Hemoglobin and hematocrit were determined at 0, 2, 4, and 6 weeks. Blood samples were obtained from a tail vein. Hematocrit was measured by centrifugation of blood collected into heparinized microcapillary tubes. Hemoglobin concentration was measured by the cyanmethemoglobin method.
D-xylose absorption test was performed at the end of the 6-week study. A 10% aqueous solution of D-xylose (50 mg/100 g body weight) was infused by gavage into the stomach and urine collection was started right after D-xylose administration. The volume of urine collected for 5 h was carefully measured and the amount of D-xylose in urine was determined (15) .
At the end of the study the rats were anesthetized, the abdominal cavity was opened and a jejunum specimen about 2 cm long was taken distally just below the ligament of Treitz. This jejunum specimen was fixed in formaldehyde, embedded in paraffin and stained with hematoxylin and eosin. The morphometric study was performed using the Image Pro-plus 3.0 (Media Cybernetics, Silver Spring, MD, USA) image analyzer software, which permitted the following measurements: 1) villus height (distance from the tip of the villus to the villus-crypt junction); 2) total mucosal thickness (distance from the tip of the villus to the muscularis mucosae); 3) crypt depth (difference between total mucosal thickness and villus height); 4) villus/crypt ratio; 5) surface length (contour of the luminal border of the epithelial surface in a 1-mm muscularis mucosae field); 6) enterocyte height (distance between the basal membrane and the luminal surface of the enterocyte). For each rat, villus height, total mucosal thickness and crypt depth were measured at 15 sites of the jejunum specimen and surface length was measured at two sites. The height of 20 enterocytes was meas-ured in the middle third of the villus.
The rats were killed by exsanguination from the abdominal aorta and the liver was extracted for the determination of its iron content. After obtaining the dry weight, the liver was submitted to acid digestion and the iron content was determined by flame atomic absorption spectrophotometry (5.100; PerkinElmer, Norwalk, CT, USA) (16) .
Statistical analysis was performed using the Sigma Stat software, version 2.0. Data are reported as means + SD. The Student ttest was used to compare the means of the variables of the iron deficiency group with the control group.
The study was conducted with the approval of the Ethics Committee in Research of the Federal University of São Paulo, Escola Paulista de Medicina, São Paulo, SP, Brazil.
Results
There were no statistically significant differences in hemoglobin or hematocrit between the animals in the anemic and control groups at the beginning of the experiment (Table 1) . From the second week onwards, the hemoglobin and hematocrit of the rats in the anemic group were significantly lower than those of the control group. The mean hepatic iron of the anemic group was also significantly lower than that of the control group (Table 1) . Initially, the mean body weight of the rats in the anemic group was similar to the mean of the control group. After six weeks of dietary treatment, the mean body weight of the anemic group (223.3 ± 42.5 g) was statistically lower than that of the control group (254.7 ± 31.2; P = 0.026). The daily mean food intake by the control group (12.2 ± 1.8 g) was statistically greater than the intake by the anemic group (14.0 ± 1.4 g; P = 0.016), but the groups did not differ significantly in terms of feed efficiency (g weight gained/g food intake: 0.38 ± 0.04 and 0.39 ± 0.03 for anemic and control animals, respectively. Anemic rats received an AIN 93-G diet containing 5 mg elemental iron/kg diet and controls received the same diet containing 50 mg/kg diet. Data are reported as means ± SD for 12 rats in each group. *P < 0.05 compared to control rats (Student t-test).
After 6 weeks of dietary treatment, the mean percent urinary excretion of D-xylose of 46.5 ± 7.4% by the anemic group was not statistically different from 43.4 ± 9.0% by the control group.
Regarding jejunal morphometry, the anemic rats had a significantly greater villus height, total mucosal thickness and surface length than the controls. However, there was no significant difference between groups in crypt depth, villus/crypt ratio or enterocyte height ( Table 2) . Table 1 . Hemoglobin, hematocrit and hepatic iron in rats with iron-deficiency anemia.
Anemic

Control group group
Hemoglobin (g/dl) Baseline 11.2 ± 0.9 11.0 ± 0.7 2 weeks on diet 7.4 ± 1.1* 13.3 ± 1.5 4 weeks on diet 8.1 ± 1.3* 13.7 ± 2.1 6 weeks on diet 8.7 ± 0.9* 13.9 ± 1.4
Hematocrit (%) Baseline 35.8 ± 3.4 35.1 ± 3.9 2 weeks on diet 28.1 ± 2.8* 43.4 ± 2.7 4 weeks on diet 30.8 ± 2.8* 46.4 ± 1.3 6 weeks on diet 34.1 ± 2.9* 47.1 ± 1.5
Hepatic iron (mg/g) 6 weeks on diet 0.15 ± 0.09* 0.40 ± 0.16
Anemic rats received an AIN 93-G diet containing 5 mg elemental iron/kg diet and controls received the same diet containing 50 mg/kg diet. Data are reported as means ± SD for 12 rats in each group. *P < 0.05 compared to control rats (Student ttest).
Discussion
The objective of the present study was to evaluate the jejunal morphometry of rats with iron-deficiency anemia in order to avoid the influence of environmental factors, which may affect D-xylose absorption by the intestine and intestinal morphology in studies conducted on human beings. The iron-deficiency anemia group of rats presented greater villus height, total mucosal thickness and intestinal surface extension compared to control (Table 2 ). Previous studies (9,10) did not find changes in the intestinal histology of rats with anemia. Hence, in a situation in which it was possible to control the environmental conditions using laboratory animals, iron-deficiency anemia did not determine villus atrophy in the small intestine of rats as observed in children (4, 5) . This finding may be evidence that in humans the intestinal response to iron deficiency may be inhibited by some other factor with a stronger effect on intestinal morphology and function as observed in environmental or tropical enteropathy (11, 12) .
This hypothesis is in agreement with the profile of D-xylose absorption, which is absorbed in the duodenum and jejunum, mainly by passive absorption without being modified. D-xylose has been used as an indicator of villus atrophy in the small intestine (17) . In clinical studies, when villus atrophy is present a reduced absorption of D-xylose also occurs, both in children and in adults with iron-deficiency anemia (4-6). However, our results did not show any difference in the intestinal absorption of D-xylose based on urinary excretion between the anemic group and the control, which confirms the results of a similar study in rats (18) . Further evidence of a difference between clinical and experimental studies comes from the evaluation of intestinal permeability to lactulose/ mannitol or rhamnose. Studies involving children in Israel (7) and Guatemala (8) demonstrated a higher ratio of lactulose/mannitol or rhamnose in children with iron deficiency, suggesting a decrease of the intestinal surface and/or increase of the lactulose passage through the paracellular space. In contrast, a decrease of the lactulose/mannitol ratio was reported in a study on rats with iron-deficiency anemia (19) , compatible with the increase of villus height and of intestinal surface length, which were the most important findings of the present study.
Partial villus atrophy and decreased Dxylose absorption demonstrated both in children and in adults with iron-deficiency anemia (4-6) may be related, at least in part, to environmental influences and be a consequence of environmental enteropathy, which determines this nonspecific, functional and morphological abnormalities of the small intestine (11, 12) . Therefore, under controlled laboratory conditions using laboratory animals, iron-deficiency anemia did not determine villus atrophy in the small intestine as previously found in children with iron deficiency anemia (4, 5) .
The meaning of the increased villus height and intestinal surface may be interpreted, at least in part, by considering the intestinal adaptation to iron deficiency. Smith et al. (20) studied the structural and cellular adaptation of duodenal cells in adult rats receiving an iron-deficient diet and observed an increase in iron uptake by the enterocytes in the middle third of the villus associated with lengthening and broadening of the duodenal villi. Similar results were observed in a study in which mice with and without the hemochromatosis genotype received iron-deficient, normal and iron-rich diets. Normal mice that received the iron-deficient diet presented an increase of villus height and of ferric reductase activity (21) . In our study, the mean hemoglobin of the group with irondeficient anemia corresponded to approximately 60% of the mean hemoglobin of the control group, indicating that the increase in villus height was also present in rats in which the iron-poor diet was administered since weaning and was causing a more severe iron-deficiency anemia. This aspect differentiates our study from those published by Smith et al. (20) and Simpson et al. (21) who used animals with mild iron deficiency.
In conclusion, contrary to what was observed in studies with humans, in which iron-deficiency anemia is associated with a decrease in D-xylose absorption and with partial atrophy of intestinal villi, the computerized morphometry used in our study allowed us to show lengthening of the intestinal villi in growing rats with severe irondeficiency anemia. This finding may be explained, at least in part, as a compensatory intestinal mechanism to increase intestinal iron absorption.
